Attentional deficits are common and significant sequelae of pediatric traumatic brain injury (TBI). However, little is known about how the underlying neural processes that support different components of attention are affected. The present study examined brain activation patterns using f MRI in a group of young children who sustained a TBI in early childhood (n 5 5; mean age 5 9.4), and a group of age-matched control children with orthopedic injuries (OI) (n 5 8) during a continuous performance task (CPT). Four children in the TBI group had moderate injuries, and one had a severe injury. Performance on the CPT task did not differ between groups. Both TBI and OI children activated similar networks of brain regions relevant to sustained attention processing, but the TBI group demonstrated several areas of significantly greater activation relative to controls, including frontal and parietal regions. These findings of over-activation of the relevant attention network in the TBI group contrast with those obtained in imaging studies of Attention-Deficit0Hyperactivity Disorder where under-activation of the attention network has been documented. This study provides evidence that young children's brains function differently following a traumatic brain injury, and that these differences persist for years after the injury. (JINS, 2008, 14, 424-435.) 
INTRODUCTION
Pediatric traumatic brain injury (TBI) results in substantial neurobehavioral morbidity for survivors, including persistent impairments in emotional, social, behavioral, and neuropsychological functioning that persist well beyond the acute phase of injury (e.g., Anderson et al., 2001 Anderson et al., , 2006 Taylor et al., 2002; Yeates et al., 2005) . A clear relationship has been observed for physical and cognitive outcomes in TBI, with the severity of TBI contributing to greater impairment .
The neuropathophysiology of TBI is complex, and often involves both focal and diffuse lesions, primary and secondary injuries to the brain, and acute as well as late effects (Polvishock & Katz, 2005) . Focal lesions are most likely to occur in the frontal and temporal cortices because of their location near the anterior and middle fossa of the skull (Yeates, 2000) . Shear-strain injuries in TBI occur at the boundaries between white and grey matter, most commonly near the basal ganglia, periventricular regions, superior cerebellar peduncles, fornices, corpus callosum, and brain stem (Yeates, 2000) .
Although the neuroanatomical correlates of attention and TBI have not yet been established, it seems that there is some overlap in brain regions that are particularly vulnerable to injury in TBI and the structures believed to support attention (e.g., Mirsky et al., 1991; Rothbart & Posner, 2001) . For example, Posner has delineated a three-component attention model in which different neural substrates support unique attentional processing networks (Rothbart & Posner, 2001 ). In this model, the executive attention network involves inhibitory control processes and suppression of prepotent responses and is subserved by the anterior cingulate, prefrontal cortex, and basal ganglia. The alerting network maintains arousal and involves the right frontal cortex, right parietal cortex, thalamus, and brain stem. Finally, the sensory-orienting network, responsible for covert orienting to sensory signals, is supported by the parietal lobes, temporoparietal junction, frontal eye fields, superior colliculus, and thalamus (Rothbart & Posner, 2001 ; for review see Max et al., 2005a) .
Attention deficits are common and significant sequelae of pediatric TBI (Max et al., 2005b (Max et al., , 2005c . In general, children with severe TBI display poorer performance on a variety of measures of attention than less-severely injured or healthy control children across behavioral paradigms (e.g., Anderson et al., 1998 Anderson et al., , 2005 Ewing-Cobbs et al., 1998; Yeates et al., 2005) . Attention deficits adversely affect neurobehavioral outcomes and functional skills (Ganesalingam et al., 2006 (Ganesalingam et al., , 2007 . More specifically, sustained attention, conceptualized as the capacity to maintain arousal and alertness towards a task over time (Mirsky et al., 1991) , is believed to be integral in the regulation of cognitive resources needed for academic achievement, adaptive functioning, and social functioning (Dennis et al., 1995) . Sustained attention is often measured using continuous performance tests (e.g., CPT; Rosvold et al., 1956) , which assess the ability to maintain attention for critical but temporally infrequent events, presented in the absence of simultaneous distractors. Deficits in sustained attention, as measured by lower levels of performance or slower processing speed, have been reported in school-age children or adolescents with TBI compared to controls (e.g., Catroppa & Anderson, 1999; Dennis et al., 1995; Robin et al., 1999; Wassenberg et al., 2004) and also in children with severe TBI compared to children with mild to moderate TBI (e.g., Catroppa & Anderson, 2003) . Finally, research also suggests that a TBI in a young child results in potentially more severe sequelae than for older children (Anderson et al., 2000) . Children injured in early, compared to late, childhood perform worse on sustained attention tasks regardless of injury severity (Ewing-Cobbs et al., 1998) , and preschool-aged children who sustain severe TBI are at risk for significant and long-term impairments in information processing speed and accuracy .
With respect to functional neuroimaging (f MRI), several studies of TBI in adults have demonstrated alterations in brain activation patterns during performance of working memory tasks compared to controls. colleagues (1999, 2001) documented differences in brain activation patterns between adults with mild TBI and controls during a working memory (N-back) task. Although task performance did not differ between groups across all conditions, adults with mild TBI demonstrated over-activation in the neural circuit mediating working memory shortly after the injury compared to healthy controls when the task was moderately difficult (McAllister et al., 1999 (McAllister et al., , 2001 . Similarly, three studies examining working memory in moderate to severely injured adults using versions of N-back tasks observed a more distributed representation of working memory in TBI patients compared to non-injured controls (Christodoulou et al., 2001; Perlstein et al., 2004; Scheibel et al., 2003) . Newsome and colleagues (2007a) compared severely injured TBI patients to orthopedicallyinjured (OI) controls on an N-back task, and observed that TBI patients activated the same areas as OI patients, but tended to recruit these areas bilaterally or in the contralateral hemisphere. Scheibel and colleagues (2007) compared adults with moderate to severe TBI to OI controls on a stimulus-response compatibility task and observed that TBI patients had greater brain activation in several task-related brain regions during stimulus-response incompatibility compared to OI patients.
These imaging studies with adults suggest that the neural circuitry supporting working memory is altered after a brain injury, but it is unclear if this holds true for pediatric TBI and for additional cognitive domains. Two recent fMRI studies have investigated the neural correlates of cognitive processes in children with TBI. Karunanayaka and colleagues (2007) examined language processing using a verb generation task, and found that children with moderate to severe TBI had significantly greater activation in language-related brain areas compared to OI controls. Newsome and colleagues (2007b) used an N-back task to examine working memory, and observed greater brain activation in frontal and extrafrontal brain regions in children with moderate to severe TBI compared to noninjured children. Given these converging findings in both adult and pediatric TBI, one might anticipate similar results on a sustained attention task following pediatric TBI, with children with TBI evidencing over-activation in the attentional neural circuitry relative to OI controls.
The present study sought to examine brain activation using f MRI in a group of children with moderate to severe TBI and a comparison group of children with OI during a CPT. In this version, children were instructed to detect and respond to immediate repetition of any stimuli presented in a continuous stream. This form of CPT, termed Identical Pairs (CPT-IP), is an established measure of sustained attention (Borgaro et al., 2003; Cornblatt et al., 1988 ) that has been successfully adapted for f MRI and previously used with adolescents with bipolar disorder and Attention-Deficit0 Hyperactivity Disorder (ADHD) (Adler et al., 2005; Strakowski et al., 2004) . In contrast to the N-back tasks described earlier, the CPT-IP utilized here has a low memory load and slow presentation rate, which place higher demands on vigilance and sustained attention rather than working memory (Borgaro et al., 2003) .
To our knowledge, no studies have yet examined the neural correlates of sustained attention in children with TBI. In
Neural correlates of attention in pediatric TBI
425 this study, we sought to characterize the neural activation pattern engaged by sustained attention in young children with TBI compared to a control group of children with OI. The study is novel in its use of f MRI to examine the longterm consequences of early pediatric TBI on attention processing. In-scanner task performance data was collected in order to relate attentional functioning to brain activation patterns, and out of scanner neuropsychological testing performance and parent rating measures were collected to characterize the samples and validate the in-scanner task. We hypothesized that children with TBI and OI would activate similar brain regions during the task as identified in the previous studies of similar CPT tasks, but that the children with TBI would demonstrate an over-activation of brain regions supporting sustained attention compared to controls.
METHODS
This project was part of a larger ongoing study of child and family recovery from TBI and OI in young children entitled Child and Family Sequence of Preschool Brain Injury, (directed by S.L. Wade). The parent project employed a concurrent cohort0prospective research design involving repeated assessments of young children with TBI and young children with OI and their families, recruited from three tertiary care children's hospitals in Ohio. Inclusion of a comparison group of children with OI allowed examination of the consequences of TBI relative to the functioning of a group of children likely to be similar in pre-injury behavior and family characteristics. Eligibility requirements for both groups included: injury requiring overnight hospitalization, age at injury between 36 to 84 months, and English as the primary spoken language in the home. Eligibility for the TBI group also included diagnosis of TBI and evidence of altered neurological status on the Glasgow Coma Scale (GCS) and0or abnormalities on imaging [MRI or computed tomography (CT) scan]. Children who sustained non-blunt head trauma (e.g., projectile wounds, strokes, drowning) were excluded. Inclusion in the OI group required a documented bone fracture (other than the skull) and the absence of any evidence of loss of consciousness or other findings suggestive of brain injury. Exclusion criteria for both groups included: previous history of TBI; pre-existing neurological disorder or medical problem affecting the central nervous system; diagnosis of mental retardation or developmental disability; documentation of child abuse as the cause of injury; and prior psychiatric disorder requiring hospitalization. The parent project and the imaging study reported here were approved by the Institutional Review Board at Cincinnati Children's Hospital Medical Center (CCHMC).
Participants
We contacted all children in the parent study at the CCHMC site who had sustained a TBI and who were at least six years of age and at least 12-months post injury regarding participation in the neuroimaging study. Potentially eligible children with OI were matched on time since injury, age, gender, ethnicity, and handedness with the TBI group. Fourteen children with TBI and 17 children with OI were identified from the parent project based on these criteria, and 23 (74%) consented to participate in the imaging study. This subset was representative of the larger parent sample on all demographic, injury-related, and neuropsychological variables. Thirteen children successfully completed the CPT-IP protocol and were retained for analysis. Those excluded either had unusable data (due to excessive motion, defined as exceeding 0.75 voxel size for more than 25% of the functional data) or were unable to complete the imaging protocol because of time constraints or discomfort. Children who successfully completed the scanning procedures did not differ statistically, as verified by ANOVA, from those who failed to complete the scan or from the larger group of eligible children on any demographic, injury-related, or neuropsychological variables. Table 1 provides the demographic information of participants included in the current report. The groups did not differ significantly in age, time since injury, sex, handedness, or maternal education level. Scans of the TBI participants taken at the time of injury were used to determine TBI severity. Consistent with previous studies (Fletcher et al., 1990) , moderate severity was defined as a lowest GCS of 9-12, or a score of 13-15 accompanied by a skull fracture, mass lesion, or other indication of specific brain injury on CT or MRI; and severe TBI was defined as a lowest GCS score of 3-8. Using these criteria, one child had a severe TBI and four had moderate TBI.
As part of the present study, current structural MRI scans were evaluated quantitatively by a pediatric neuroradiologist for focal abnormalities. All children with TBI had imaging findings that were consistent with the severity of injury. Positive imaging findings in three OI children likely represent incidental findings that are inconsistent with TBI sequelae and unlikely to affect the attentional networks examined in this study. Consequently, these participants were retained in the study.
Neuropsychological battery
To better characterize the sample, the following scores were drawn from the 12-month post-injury assessment of the parent project. The General Conceptual Ability (GCA) score on the Differential Ability Scales (DAS) provided an assessment of overall cognitive ability (Elliott, 1990) . The Attention Focusing subscale of the Children's Behavior Questionnaire (CBQ; ) and the attention deficit0hyperactivity problems subscale (ADHD subscale) of the Child Behavioral Check List (CBCL; Achenbach, 1991) are reported to describe the participants' attentional functioning based on parent report. On the day of functional neuroimaging, two subtests of the Test of Everyday Attention for Children (TEA-Ch, Manly et al., 1999) battery were administered. The Sky Search subtest, which requires the child to find all of the matching pairs of ships in a visual array and circle them as quickly as they can, provided a test of selective attention. The Score! Subtest, which requires the child to listen to a series of tones presented at irregular intervals over approximately 12 minutes and count them silently, provided a measure of sustained attention. The TEA-Ch has established reliability and validity in assessing aspects of attention and executive functions, and has been used with pediatric TBI (Anderson et al., 1998; Manly et al., 2001 ).
Stimuli and behavioral tasks used for fMRI
Each participant underwent up to three functional scans during a single scanning session. The results of the additional scans0tasks are presented elsewhere (Karunanayaka et al., 2007) .
The CPT paradigm employed here was modeled upon one used previously (Adler et al., 2005) . Data from the CPT paradigm consisted of 10 (5 CPT and 5 control) alternating 33s blocks. Each block began with a 3s instruction followed by a 30s task period. During the task period, single digits ("0", "9", "3", etc.) appeared one at a time centrally on the screen at the rate of one per second and participants were asked to press a button if and only if a number was repeated on two consecutive trials. The probability of a target appearing (i.e., repetition) was set to be one out of six, leading to an average of five targets per block. During the control period, the single digit "1" is shown at the rate of one per second, and participants were asked to press the button five times in a self-paced manner.
fMRI Data acquisition and analyses
Scans were performed on a 3T Siemens Trio MRI scanner. A T2
* -weighted, spin-echo EPI sequence was used for f MRI scans (TR0TE 5 3000038 ms, FOV 5 25.6 3 25.6 cm, matrix 5 64 3 64, slice thickness 5 4 mm). Thirty-six slices were acquired at 121 time points during the alternating 33-s task periods (i.e., control-experimental-controlexperimental-control . . .) for a total imaging time of 363 s. The first 11 time points from the first control period were discarded to allow for T1 relaxation effects. A T1-weighted, 3D MP-RAGE whole brain scan was performed for anatomical co-registration (TR0TE 5 200002.93 ms, FOV 5 21.9 3 21.9 cm, matrix 5 256 3 205, scan time 5 230 s) prior to the functional scans. f MRI image post-processing was done using in-house software written in IDL (Research Systems Inc., Boulder, Colorado, USA). The EPI images were corrected for geometrical distortion and Nyquist ghost artifacts using the multi-echo reference method (Schmithorst et al., 2001) . The reconstructed EPI data were corrected for drift using quadratic baseline correction on a pixel-by-pixel basis (Hu et al., 1995; Le & Hu, 1996) , co-registered to further reduce the effects of motion artifacts (Thevenaz & Unser, 1998) , and transformed into Talairach coordinates (Talairach & Tournoux, 1988 ) using a linear affine transformation shown previously to be valid for individuals 5 to 18 years of age (Muzik & Chugani, 2000; Wilke et al., 2002) .
For each participant, Pearson's correlation coefficient between MR data and a boxcar reference waveform (33s-on-33s-off for 5 cycles, with a 6s delay to allow for the canonical hemodynamic response to peak) were computed pixel by pixel and then transformed into z-score maps using Fisher's z-transformation. Group analyses were performed on these z-maps from individual subjects in the context of the random-effects General Linear Model (GLM). A postprocessing filter (6 mm FWHM) was then applied before significant regions of activation on a voxel-by-voxel basis were identified (Worsley & Friston, 1995) , generating a 
Note. TBI 5 traumatic brain injury; OI 5 orthopedic injury; Ped versus MVC 5 pedestrian and motor vehicle collision. Maternal education level: 1 5 2 yrs high school; 2 5 high school degree; 3 5 2 years college; 4 5 4 years college; 5 5 graduate degree.
Neural correlates of attention in pediatric TBI 427 statistical parameter map. A clustering method was used for the adjustment of multiple comparisons (Xiong et al., 1995) . In addition, Monte-Carlo simulation was used to determine the p-value corresponding to a certain combination of cluster size and z-threshold. For each cluster, the Talairach coordinates of the pixel that showed the maximum value within the cluster (i.e., the maxima) is reported.
RESULTS

Behavioral CPT Performance
Performance data from five TBI and six OI controls was recorded during the f MRI scans. Data from two participants in the OI group were lost because of computer malfunction. Mean hit rates (0.75 vs. 0.72), false alarm rates (0.003 vs. 0.003), and the corresponding A ' (0.94 vs. 0.93), a non-parametric measure of discrimination akin to d ' , did not differ significantly between the TBI and OI groups, respectively.
Group comparisons of neuropsychological measures and their relationship with CPT A '
No significant group differences were found on any of the neuropsychological measures (see Table 2 ). Using a cutoff of two standard deviations above the mean on the CBCL ADHD subscale, no participant exceeded the symptom threshold for ADHD. Figure 1 presents the statistical parametric map (composite Z-score map) of brain regions that were significantly activated during the CPT task compared to the control task in the entire sample. Significant activation was defined by a nominal z 5 6.0, cluster 5 20, corrected p Յ .05 for multiple comparisons. A predominantly bilateral pattern of activation was seen in dorsolateral as well as ventrolateral prefrontal cortices, anterior cingulate, posterior parietal cortex, lingual and fusiform gyrus, and other occipital areas.
With respect to group-related differences (Table 4 , Fig. 2a  and 2b) , participants in the TBI group had higher levels of activation in a variety of areas including right cerebellum, right lingual gyrus (BA 19), right insula, right inferior (BA 45, 47) and middle (BA 10) frontal gyrus, bilateral medial occipital gyrus (BA 19), bilateral superior frontal gyrus (BA 9, 46) with a strong right-sided asymmetry, mid- line cingulate gyrus, and wide extent of the precuneus bilaterally (BA 7). Participants in the OI group demonstrated greater activation in the primary somatosensory and motor cortex (BA 203 and BA 40) . Re-examination of group differences in CPT-related brain activation using the nonparametric Spearman's rho rank-order correlation yielded substantially similar findings to those found in the parametric analysis reported here.
fMRI Analysis: relationship with task performance
Eleven TBI and OI participants with performance data were included. This analysis identified brain regions across participants (n 5 11) with activation levels positively correlated with A ' , after controlling for group. Significant correlations were defined as an r-value of Յ.05, with a nominal z 5 6.0, and a cluster size of 20 to control for multiple comparisons. As shown in Figure 3 and Table 5 , activation in anterior cingulate was positively related to A ' , as were activation in visual association areas (e.g., BA 19) and precuneus (BA 7) in the parietal region. Given the small sample size, the restricted range of A ' across all 11 children, and the fact that several in the TBI group performed very similarly on A ' , we were unable to examine whether the relationship between task performance and brain activation differed depending on group status.
DISCUSSION
The findings from this study provide preliminary evidence that neural activation in children is altered following TBI during a task requiring sustained attention. Specifically, we found over-activation of parietal and frontal regions in children with TBI relative to OI controls. These findings are consistent with our hypotheses that children with TBI would activate similar networks of brain regions during the CPT as children with orthopedic injuries, but would demonstrate an over-activation of brain regions purported to support sustained attention. The findings are also consistent with the existing literature on CPT tasks and neural activation changes in adults after TBI. Taken together, the results suggest that neural activation may remain altered following TBI in young children who show good behavioral recovery. This study demonstrates the feasibility and utility of assessing attention with f MRI in young children following 
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TBI. The children with TBI successfully completed the scanning protocol and were equivalent to control children on CPT task performance. In-scanner performance was commensurate with performance on global neuropsychological measures, standardized attention measures, and parent rating scales of attention for both groups of children. This suggests that the CPT task used in-scanner is a valid measure of sustained attention for children with TBI. In addition, results such as ours highlight that when comparison groups demonstrate equivalent behavioral performance, the underlying neural mechanisms may still differ. By equating behavioral performance across groups, one can control for variability in performance that would otherwise confound the interpretation of any differences in brain activation patterns that are observed. Consequently, differences in brain activation patterns during the CPT-IP task can be interpreted to represent differences in neural mechanisms or characteristics (i.e. capacity or resource allocation) rather than performance parameters (i.e. accuracy or effort). Future f MRI studies may parametrically vary task difficulty to gain further insights into the response characteristics of the attentional networks in children with TBI. The overall pattern of brain activation across groups was consistent with a previous study of sustained attention using the same CPT-IP task. Comparing Figure 1 of the present study to findings of Adler and colleagues (2005) in adolescents with bipolar disorder reveals activation in the same brain regions during the CPT task compared to the control task, including the bilateral dorsolateral and ventrolateral prefrontal cortex, anterior cingulate, posterior parietal cortex, lingual and fusiform gyrus, and other occipital areas.
We also found a pattern of over-activation of the relevant attention network in the parietal and frontal regions in children with TBI relative to controls. These findings are in direct contrast to those from f MRI investigations of the neural substrates of observed attention deficits in ADHD. This literature suggests that adolescents and adults with ADHD show reduced or under-activation of relevant neural circuits (Epstein, in press; Rubia et al., 2005; Smith et al., 2006; Tamm et al., 2006) . Our findings of over-activation in regions related to sustained attention align more closely with f MRI studies of adult TBI using working memory tasks (McAllister et al., 2001; Scheibel et al., 2007) , and recent f MRI studies of children with TBI (Karunanayaka et al., 2007; Newsome et al., 2007b) , suggesting that observed attentional deficits in pediatric TBI and ADHD may not share a common underlying neuropathology. Nevertheless, some children with TBI develop significant inattention problems post-injury, often termed secondary ADHD (SADHD) (Max et al., 2005b (Max et al., , 2005c ). Inattention appears to be a non-specific cognitive symptom that can result from a number of neuropathologies, and future studies examining the neural correlates in children with ADHD would be help clarify this issue.
Our findings are broadly consistent with other f MRI studies that observed altered, more extensive, neural activation patterns in patients with TBI (Christodoulou et al., 2001; McAllister et al., 1999 McAllister et al., , 2001 Newsome et al., 2007a Newsome et al., , 2007b Perlstein et al., 2004; Scheibel et al., 2003 Scheibel et al., , 2007 . For example, other studies also reported over-activation in regions mediating working memory (McAllister et al., 2001) or response inhibition (Scheibel et al., 2007) in adult patients with TBI. As in the McAllister study, we also detected no significant differences between groups in activation in the anterior cingulate, a region long believed to play a role in sustained attention, perhaps because performance in both studies was closely matched between groups (but see Newsome et al., 2007b) . Regions in which higher levels of activation were related to working memory load for the adults . Group differences in CPT-related brain activation. The TBI group had significantly higher levels of activation in a variety of brain regions relative to the OI group (top). In contrast, the OI group had higher levels of activation only in a confined region of left primary somatosensory0motor cortices (bottom). Image conventions and parameters are as in Figure 1. with TBI compared to controls, specifically bilateral parietal and inferior and superior frontal areas (McAllister et al., 2001) , also displayed higher levels of activation in children with TBI relative to their controls in the present study. However, children with TBI showed more activation in the ventrolateral prefrontal cortex predominantly on the right side compared to controls, a result not observed by McAllister and colleagues (2001) . Finally, in this study, only two brain regions, confined to primary somatosensory and motor cortex (BA 203 and BA 40) were noted to have higher levels of CPT-related activation in children with OI relative to children with TBI.
Our findings are also consistent with a study investigating the neural substrates of language following pediatric TBI in an overlapping cohort of children with TBI and OI (Karunanayaka et al., 2007) . A Verb Generation (VG) task, in which participants covertly generated as many verbs as possible, was used to assess language processing. Although both groups demonstrated similar networks of neural activation during the VG task, the TBI group had significantly greater activation in language-related areas than controls, specifically in the right superior temporal gyrus and the right middle temporal gyrus (Karunanayaka et al., 2007) . This finding provided evidence that children with TBI may require additional neural resources to achieve comparable performance to children without neurological insults.
McAllister and colleagues (2001) suggested two possible neural mechanisms to explain the observed neural overactivation following TBI: differences in capacity or allocation of neural resources. Specifically, there may be a decrease in attentional capacity in children with TBI, rendering the CPT task more challenging, and hence more effortful, for these individuals to perform at behavioral levels comparable to controls. Activation in the bilateral posterior parietal regions as well as the right prefrontal regions may be specifically augmented in children with TBI as a compensatory mechanism. Alternatively, subtle deficits in frontal executive functions may have rendered the children with TBI less able to efficiently match available processing resources (which may be unimpaired) to the task demands. Consequently, they may over-commit processing resources to the CPT task without enhancing performance. The neural mechanisms proposed by McAllister and colleagues (2001) may differ only in very subtle ways, and future studies employing multiple conditions that vary in task difficulty are needed to distinguish them.
Although small sample size and restricted range of behavioral performance prohibited an analysis of whether the relationship between task performance and brain activation in specific regions changed depending on group status or injury severity, when compared across all participants, activation in the anterior cingulate, visual association areas (e.g., BA 19), and precuneus (BA 7) in the parietal region was positively related to task performance after controlling for group status. In contrast, Karunanayaka and colleagues (2007) found that increased activation in children with TBI relative to controls was associated with poorer behavioral performance. Similarly, in Scheibel and colleagues (2007) , activation in the anterior cingulate and medial prefrontal cortex in the TBI group was unrelated to performance accuracy on the stimulus-response compatibility task. The authors suggest that this finding may represent an inefficient utilization of neural resources (Scheibel et al., 2007) . Adler and colleagues (2005) reported that in adolescents with bipolar disorders but without comorbid ADHD, anterior cingulate activation correlated negatively with performance on a similar CPT task, and no correlation with performance was observed in anterior cingulate activation for adolescents with bipolar disorders with comorbid ADHD.
There is an inconsistency in these patterns of correlations across studies (and hence task paradigms), in that a higher level of brain activation is not always associated with higher skill level or proficiency. In the present study, although participants across groups showed a positive relationship between brain activation and performance, participants in the TBI group did not perform significantly better than participants in the OI group even though they showed more activation in a subset of brain regions (Fig. 2) . Future studies with larger samples are needed to examine group differences in the relationship between activation level and behavioral performance in greater detail.
The present results must be considered preliminary in light of several methodological limitations. The sample was small and included mostly children with moderate TBI, thus findings may not generalize to the larger TBI population. In contrast to the literature, our sample did not demonstrate behavioral deficits in attention. However, the lack of behavioral differences in the groups allowed us to examine subtle effects of TBI on neural processing. Larger studies are needed to allow for better statistical control of demographic and injury-related confounding variables that were unable to be addressed here. Additional studies with other groups of children are also needed to determine the representativeness of our findings. It is possible that the finding of over-activation observed in this study and the Karunanayaka et al. (2007) study represents sample-specific characteristics.
Additionally, studies examining other aspects of attention processing will be valuable as children with TBI may demonstrate greater impairment on selective attention and0or divided attention tasks, and the neural networks supporting these processes may be differentially affected. Finally, future studies are needed to clarify both the short and long-term effects of TBI neural processing on other cognitive tasks besides attention, because of the possibility that TBI results in a generalized pattern of over-activation in the brain, rather than over-activation specific to attention processing. We found group differences in activation in some regions outside of the attentional network but were unable to determine if these areas are recruited as compensatory mechanisms for the attentional task or as part of a generalized pattern of over-activation. The finding that neural activation is altered following pediatric TBI during tasks requiring sustained attention has promising clinical implications. Persistent changes in neural mechanisms years following early childhood TBI suggest that attention should continue to be assessed in the chronic phase of TBI. Moreover, insights from imaging studies such as ours will inform our understanding of attention deficits following pediatric TBI, thus facilitating the development of more effective and appropriate cognitive rehabilitation interventions. 
